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Illuminating of the Ca2 +-depleted PS II in the S2 state for a short period induced the doublet signal at g = 2 with concomitant diminution
of the multiline signal, both in the presence and absence of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU). In the absence of DCMU, the
doublet signal decayed (t1/2f 7 min) during subsequent dark incubation at 273 K and the multiline signal was regenerated to the original
amplitude with the same kinetics of the doublet decay. In the presence of DCMU, the doublet signal decayed much faster (t1/2f 1 min) by
charge recombination with QA
, while the time course of the multiline recovery was inherently identical with that observed in the absence of
DCMU. A simple theoretical consideration indicates the direct conversion from the doublet-signal state to the multiline state with no
intermediate state between them. Lengthy dark storage at 77 K led to disappearance of the DCMU-affected doublet signal and a Fe2 +/QA

electron spin resonance (ESR) signal, but no recovery of the multiline signal. Notably, the multiline signal was restored by subsequent dark
incubation at 273 K. The charge recombination between QA
 and the doublet signal species led to a thermoluminescence band at 7 jC in a
medium at pH 5.5. The peak position shifted to 17 jC at pH 7.0, presumably due to a pH-dependent change in the redox property of a donor-
side radical species responsible for the doublet signal. Based on these results, redox events in the Ca2 +-depleted PS II are discussed in
contradistinction with the normal processes in oxygen-evolving PS II.
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1. Introduction reaction center by the successive absorption of four photonsPhotosynthetic oxygen evolution is carried out by a
machinery that is composed of four manganese ions, one
calcium ion, chloride ion (number of ion is not defined yet)
and YZ tyrosine. The machinery, denoted oxygen-evolving
complex (OEC), is located at the lumenal proximity of the
D1 protein. The four Mn ions form a tetranuclear cluster that
accumulates oxidized equivalents generated in the PS II0005-2728/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0005-2728(03)00107-5
Abbreviations: MES, 2-morpholinoethanesulfonic acid; MOPS, 4-
morpholinopropanesulfonic acid; DCMU, 3-(3,4-dichlorophenyl)-1,1-di-
methylurea; ENDOR, electron nuclear double resonance; ESEEM, electron
spin echo envelope modulation; ESE, electron spin echo; OEC, oxygen-
evolving complex; CW, continuous wave
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Furou, Chikusa, Nagoya 464-8602, Japan.to catalyze water oxidation. Kinetic analyses have revealed
that a molecular oxygen is produced by a series of reactions
with five distinct intermediate states labeled Si (i= 0–4), in
which S1 is thermally stable in the dark. By absorbing each
photon, the S1 state advances stepwise to reach the S4 state.
S4 is the highest oxidation state and spontaneously decays to
the S0 state with the release of a molecular oxygen (for
reviews, see Refs. [1–4]). When the OEC was inhibited
with various procedures, such as Ca2 + depletion, Cl
depletion or acetate treatment, the OEC can be oxidized to
the S2 state, but the oxidation process to the S3 state is
interrupted. The properties of the S2-state Mn cluster, thus
formed, are considerably different from those of the normal
S2 state cluster, although the manifestations depend on the
procedures (reviewed in Ref. [2]). Upon illuminating the
inhibited PS II in the S2 state, an electron paramagnetic
resonance (EPR) signal with a splitting line width of 160
Gauss is observed around g = 2 by continuous wave (CW)
EPR [5–9] concurrent with complete or partial disappear-
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ascribed to an auxiliary redox reaction in PS II due to an
interruption in the normal oxidation process to the S3 state
and stabilization of the YZ
. radical.
The properties of the split signal have been extensively
studied in Ca2 +-depleted and acetate-treated PS II mem-
branes. It have been proposed for the origin of the g = 2.0
split signal that the signal arises from an organic radical with
S = 1/2 interacting with an oxidized Mn cluster (S2 state),
where the radical has been assigned as an oxidized histidine
[10,11] or YZ
. [12]. The direct involvement of the Mn cluster
in the split signal is compatible with the finding that the
multiline signal restores in a manner inversely proportional
to the decrease of the split signal during dark incubation
after formation of the split signal [6,10]. Electron spin echo
(ESE) field swept spectrum in Ca2 +-depleted PS II has been
simulated by assuming the YZ radical interacting with the
oxidized Mn cluster in various manners [13,14]. The in-
volvement of the YZ
. radical in the split signal has been
demonstrated by pulsed electron nuclear double resonance
(ENDOR) and electron spin echo envelope modulation
(ESEEM) studies [13,15], and the involvement of the Mn
cluster has been indicated by high-frequency pulsed
ENDOR study [16] in acetate-inhibited PSII. Further de-
tailed simulation analyses on the split signal induced in the
acetate-inhibited PS II have been compatible with this view
[17–19].
In contrast to the general view that PS II shows a single
type of split signal that is assigned to a magnetic interaction
between Mn cluster and YZ
. , we have reported that the split
signal consists of two distinct signals that overlap in the
g = 2 region: a symmetric doublet signal and an asymmetric
singlet-like signal [20,21]. These studies have been per-
formed by using the Ca2 +-depleted membranes prepared by
low pH method, where the formed Ca2 +-depleted S2 state is
very stable due to its abnormally low oxidation potential
[22]. This S2 property enables us to separate a single
turnover process, succeeding the S2 state, from a multiple
turnover process simply by the addition of 3-(3,4-dichlor-
ophenyl)-1,1-dimethylurea (DCMU) after the formation of
the S2 state. Illumination of the Ca
2 +-depleted PS II in the
S2 state in the presence of DCMU induces the doublet signal
that has a splitting of approximately 150 G at g = 2, while
another singlet-like signal is induced by prolonged illumi-
nation in the absence of DCMU [20]. The doublet signal is
also induced by the illumination for a very short period at
273 K in the absence of DCMU, due to much lower
quantum efficiency of the formation of the singlet-like
signal than the doublet signal. In either case, the doublet
signal formation is accompanied by approximately 50% loss
in intensity of the Ca2 +-depleted modified multiline signal,
indicating that the doublet signal is formed in approximately
half of PS II centers [20,23,24]. The doublet signal has been
simulated using D0 = 130 G and J=( ) 40 G, which are
consistent with the characteristic spectral features of the
interaction between paired organic radicals [20]. ESE meas-urements in oriented PS II membranes show that the doublet
signal has large magnetic anisotropy [21]. These support the
view that the signal is ascribed to the dipole interaction
between two organic radicals. The results of a pulsed
ENDOR-induced EPR study indicate that the YZ
. radical is
associated with the doublet signal but not with the singlet-
like signal [20]. These indicate that a dipole interaction
between the YZ
. radical and another organic radical is
responsible for the doublet signal, while the origin of the
singlet-like signal remains equivocal. Therefore, the origin
of the doublet signal seems to be different from that of the
conventional split signal, which might be mainly contribut-
ed by the singlet-like signal, as the split signal was usually
induced by illumination in the absence of DCMU.
It has been reported that a split-type signal is also
induced by a pH jump to alkaline pH in the PS II
membranes in the normal S3 state [25]. This implies that
the redox reaction in the Ca2 +-depleted PS II may represent
a part or a modified version of the normal reaction per-
formed in an O2-evolving OEC. If this is the case, the redox
events in the Ca2 +-depleted PS II include a clue to under-
standing the mechanism of oxygen evolution. Therefore, it
is important to elucidate whether the S2 Mn cluster is
directly involved in the origin of the doublet signal. In the
present study, we compared the decay kinetics of the
doublet signal with the recovery of the multiline signal
under various conditions. The results obtained indicate that
the S2 Mn cluster does not contribute to the doublet signal.2. Materials and methods
2.1. Sample materials
Oxygen-evolving PS II membranes were prepared from
spinach as described [26] with subsequent modifications
[27]. The membranes were washed twice with a solution
containing 400 mM sucrose, 20 mM NaCl and 0.1 mM
MES/NaOH (pH 6.5), and resuspended in the same buffer
solution. For Ca2 + depletion, the membranes were sus-
pended in a medium containing 400 mM sucrose, 20 mM
NaCl, 10 mM citric acid/NaOH (pH 3.0) at 273 K for 5 min.
Following this, 10% vol. of a solution containing 400 mM
sucrose, 20 mM NaCl and 500 mM MOPS/NaOH (pH 7.5)
were added to adjust the final pH to approximately 6.5 as
described in Ref. [21]. The treated membranes were washed
twice with a buffer solution containing 400 mM sucrose, 20
mM NaCl and 20 mM Mes/NaOH (pH 6.5), and resus-
pended in a final buffer solution containing 400 mM
sucrose, 20 mM NaCl, 0.5 mM EDTA and 20 mM Mes/
NaOH (pH 6.5). All procedures were carried out in the dark
or under a dim green light to maintain the OEC in the S1
state unless otherwise stated. Aliquots of the Ca2 +-depleted
membrane samples (0.5 mg Chl/ml) were illuminated at 273
K for 1 min and then stood in the dark at 273 K for 30 min
to prepare the OEC in the dark-stable S2 state. DCMU (0.05
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added to the solution to ensure a single electron-transfer
event beyond the S2 state when indicated.
2.2. Sample preparations for electron spin resonance (ESR)
measurements
The resulting membrane samples were precipitated by
centrifugation at 35,000 g for 20 min, and transferred to
Sprasil quarts tubes with a 4-mm diameter. The EPR tubes
were purged with Ar gas, sealed, and then stored in liquid
N2 until use. The doublet signal was induced by illuminat-
ing the sample membranes in an ESR tube at 273 K for
indicated period from both sides with 650-W halogen lamps
in an ice-water bath. For dark-storage experiments at 273 K,
the illuminated membrane samples were rapidly frozen in
liquid N2 immediately following illumination or after dark
incubation for various periods at 273 K. For dark storage
experiments at 77 K, the spectra of the same illuminated
membrane sample were occasionally measured during the
period of storage at 77 K. No effects of ESR measurements
on the signal intensity were detected.
2.3. ESR measurements
CW and ESE experiments were performed using a
Bruker ESP-580 pulsed EPR spectrometer equipped with
a dual-mode resonator (ER4116 DM X-band (TE102),
Bruker) and a cylindrical dielectric cavity (ER4117DHQ-
H, Bruker), respectively. A gas-flow temperature control
system (CF935, Oxford Instruments) was also employed.
Microwave pulses of 16- and 32-ns duration for k/2 and k
pulses were used for a two-pulse (primary) ESE sequence.
ESE field-swept spectra were measured using the two-pulse
sequence with an interval of 200 ns between the microwave
pulses.Fig. 1. Effects of dark storage on CW ESR (panel A) and field-swept ESE
(panel B) spectra of Ca2 +-depleted PS II membranes in the absence of
DCMU. Sample membranes in the S2 state were illuminated for 5 s (a), and
then incubated in the dark at 273 K for 6 min (b), 27 min (c) and 70 min (d).
CW EPR conditions: microwave power, 0.2 mW; field modulation
amplitude, 16 G at 100 kHz; scan time, 168 s; time constant, 0.3 s;
temperature, 6 K. Primary field-swept ESE conditions: s= 200 ns; pulse
repetition time, 20 ms; temperature, 6 K. Applied microwave power was
chosen to maximize the YD
.
signal.3. Results
3.1. Effects of 273 K incubation on ESR signals
Fig. 1 shows the effect of dark incubation on CW (panel
A) and field-swept ESE spectra (panel B) of the Ca2 +-
depleted PS II membranes. The sample membranes with
OEC in the Ca2 +-depleted S2 state were illuminated for 5 s
at 273 K in the absence of DCMU, and then incubated at
273 K for the indicated periods in the dark. The illumination
induced a pronounced doublet signal at gf 2 concomitant
with a partial decrease in the intensity of the multiline signal
(traces a) in both the CW and field-swept spectra. The
multiline and the doublet signals were superimposed on
the cyt b559 signal, the intensity of which did not change
upon illumination. The remnant multiline intensity after
illumination was approximately 40% compared with that
before illumination, roughly consistent with previouslyreported results [20,23], although the value varied from
60% to 40% depending on sample preparations. The inten-
sity of the doublet signal decreased during subsequent dark
incubation at 273 K, while the multiline signal was restored
during incubation. After 6-min dark incubation (traces b),
the doublet intensity decreased to half the original intensity,
and the multiline was appreciably restored. The doublet
signal diminished almost completely after 70 min dark
incubation, concurrent with the full restoration of the
Fig. 2. Effects of dark storage on CW ESR (panel A) and field-swept ESE
(panel B) spectra of Ca2 +-depleted PS II membranes in the presence of
DCMU. Sample membranes in the S2 state were illuminated for 1 min (a) in
the presence of 0.05 mM DCMU, and then incubated at 273 K in the dark
for 5 min (b), 27 min (c) and 70 min (d). EPR conditions are the same as for
Fig. 1.
Fig. 3. Changes in intensities of doublet signal (o) and restored multiline
signal (.) in CW ESR spectra during dark incubation in Ca2 +-depleted PS
II membranes. Sample membranes in the S2 state were illuminated in the
absence (panel A) and presence of DCMU (panel B), and then incubated in
the dark at 273 K for various periods. Intensity of the multiline signal was
estimated from summation of the peak heights of four lines as indicated by
arrows in Fig. 1A. The multiline intensities are presented after subtracting
the residual signal intensity after illumination.
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intensity of the dark-stable multiline before illumination
(data not shown). No change in hyperfine structure of the
multiline signal in CW spectra was detected during the
dark recovery process. These intensity changes were seen
in the field-swept ESE as well as the CW spectra. How-
ever, the changes were less distinctive at a glance in the
ESE spectra due to the overlapping of the two spectra, in
which the intensity decrease of the doublet signal was
eventually compensated simultaneous recovery of the mul-
tiline signal. It is of note that the Ca2 +-depleted S2 state
showed no g = 4 S2 signal [28], indicating that the g = 4signal does not contribute to the intensity change of the
multiline signal.
Fig. 2 shows the effect of dark incubation in the presence
of DCMU on CW (panel A) and field-swept ESE spectra
(panel B). The sample membranes with OEC in the Ca2 +-
depleted S2 state were illuminated for 1 min at 273 K in the
presence of DCMU, and then incubated at 273 K in the
dark. The illumination induced a pronounced doublet signal
at gf 2 with a concomitant decrease in intensity of the
multiline signal (traces a). The presence of DCMU did not
significantly affect the intensity and spectrum of doublet
signal, and the multiline intensity decreased upon the
doublet formation in a similar manner as that observed in
the absence of DCMU. The intensity of the multiline signal
was gradually restored during subsequent dark incubation at
273 K with a similar course as that in the absence of
DCMU, but the doublet signal decayed very rapidly. The
doublet signal decreased to be negligibly small after 5-min
dark incubation (traces b), at which more than 50% signal
was preserved in the absence of DCMU (see traces b in Fig.
1). A Fe2 +/QA
 ESR signal induced by the illumination also
diminished after 5-min dark incubation (data not shown).
Fig. 3 shows the decay of the doublet signal and the
recovery of the multiline signal in the absence (panel A) and
presence of DCMU (panel B). During the dark incubation in
the absence of DCMU, the intensity of the remnant doublet
signal was inversely proportional to the restored intensity of
the multiline signal. The decay of the doublet signal agrees
with the restoration of the multiline signal: both processes
occurred with t1/2f 7 min. These results are reminiscent of
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multiline signal in the previous reports [6,10], where no
DCMU was included in sample suspensions. As shown in
panel B, the doublet signal rapidly decayed with t1/2f 1
min in the presence of DCMU. The results clearly indicate
that a charge recombination between the doublet species and
QA
 ( +DCMU) or QB
 (DCMU) is responsible for the
doublet decay. In contrast to the pronounced effect of
DCMU on the doublet decay, the multiline signal restored
with nearly the same kinetics both in the absence and
presence of DCMU. The results clearly show that the dark
decay of the doublet signal is specifically accelerated by
DCMU.
3.2. Effects of 77 K incubation on ESR signals
Fig. 4 shows the effect of extended dark storage at 77 K
on the CW ESR spectra induced by illumination at 273 K in
the presence of DCMU induced in the Ca2 +-depleted PS II
membranes. As shown in panel A, the intensity of the
doublet signal induced by illumination (trace a) decreased
considerably after storage for 2 weeks (trace b) and largely
disappeared after 6 weeks (trace c). However, the intensity
of the multiline signal did not change at all during storage.
As shown in panel B, the Fe2 +/QA
 ESR signal induced by
illumination at 273 K (trace d) diminished along with the
doublet signal almost completely after storage for 6 weeks
(trace e) as shown in panel B.
Fig. 5 shows the effect of extended storage at 77 K on the
field-swept ESE spectra of the Ca2 +-depleted PS II mem-
branes. As shown in panel A, the doublet signal induced by
illumination at 273 K in the presence of DCMU (trace b)
disappeared almost completely after storage for 6 weeksFig. 4. Effects of extended storage at 77 K on CW ESR spectra of Ca2 +-
depleted PS II membranes in the presence of DCMU. Sample membranes in
the S2 state were illuminated for 60 s at 273 K in the presence of 0.05 mM
DCMU (a,d), and then stored in the dark at 77 K for 2 weeks (b) and 6
weeks (c,e). EPR conditions for panel A: microwave power, 0.2 mW; field
modulation amplitude, 16 G at 100 kHz; scan time, 168 s; time constant,
0.3 s; temperature, 6 K. EPR conditions for panel B: microwave power, 200
mW; field modulation amplitude, 16 G at 100 kHz; scan time 168 s; time
constant, 0.3 s; temperature, 6 K.
Fig. 5. Effects of extended storage at 77 K and further incubation at 273 K
on field-swept ESE spectra of Ca2 +-depleted PS II membranes in the
presence of DCMU. (A) Sample membranes in the S2 state (a) were
illuminated for 60 s at 273 K in the presence of 0.05 mM DCMU (b), and
then stored in the dark at 77 K for 6 weeks (b). Spectrum d is obtained by
subtracting spectrum c from spectrum b. (B) Sample membranes in the S2
state (a) were stored at 77 K for 6 weeks (c) after being illuminated for 60 s
at 273 K in the presence of 0.05 mM DCMU, and then further incubated in
the dark for 70 min at 273 K (c). EPR conditions are the same as in Fig. 1.(trace c). The intensity of the multiline signal after storage
(trace c) was much smaller compared with the intensity
before illumination at 273 K (trace a), indicating that the
disappearance of the doublet signal is not accompanied by
the recovery of the multiline signal, which is in agreement
with the results obtained by CW ESR measurements shown
in Fig. 4. In fact, the difference spectrum (before minus after
77 K storage, trace d) reveals the typical features of the
doublet signal. The total integrated intensity of the doublet
Fig. 7. Thermoluminescence glow curves for Ca2 +-depleted PS II
membranes. Sample membranes in the S2 state were illuminated by a
single flash at 273 K in the absence (broken line) and presence of 0.05 mM
DCMU (solid lines) at pH 7.0 (a), pH 6.5 (b) and pH 5.5 (c), respectively.
Sample membranes were suspended in 20 mM Mes buffer (pH 5.5, 6.5 and
7.0 supplemented with 400 mM sucrose and 20 mM NaCl).
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decreased multiline (trace a minus trace c). Interestingly,
recovery of the multiline signal was observed when the
membranes, after illumination at 273 K then storage at 77 K
for 6 weeks (trace b), were further incubated in the dark at
273 K (trace c), as shown in panel B. The multiline intensity
thus restored was roughly comparable to that found before
the 273 K illumination (trace a).
Fig. 6 shows the effect of extended storage at 77 K on the
field-swept ESE spectra of the Ca2 +-depleted PS II mem-
branes, where the membrane samples were illuminated at
273 K in the absence of DCMU. In contrast to the results
obtained in the presence of DCMU, the doublet signal
formed in the absence of DCMU (trace a) did not decay
after dark storage at 77 K for 6 weeks (trace b). No
detectable change in the intensities of the doublet signal
or the multiline signals was detected during dark storage for
more than 3 months (data not shown). These results clearly
show that the presence of QA
 is indispensable for suppress-
ing the doublet signal by the 77 K storage, suggesting that
an oxidizing equivalent responsible for the doublet signal
recombines with QA
 during the storage. This view is
consistent the disappearance of the Fe2 +/QA
 signal (Fig.
4) and no intensity change of the tyrosine radical (data not
shown) after storage.
3.3. Thermoluminescence for doublet signal species
Fig. 7 shows thermoluminescence (TL) glow curves of
Ca2 +-depleted PS II membranes. The sample membranes
with OEC in the dark stable S2 state were illuminated with aFig. 6. Effects of extended storage at 77 K on field-swept ESE spectra of
Ca2 +-depleted PS II membranes in the absence of DCMU. Sample
membranes in the S2 state were illuminated for 10 s at 273 K (a), and then
stored in the dark at 77 K for 6 weeks (b). EPR conditions are the same as in
Fig. 1.single flash in the presence (solid line) and absence (broken
lines) of DCMU. At pH 6.5 (traces b), the sample mem-
branes exhibited the TL bands at 13 and 34 jC in the
presence and absence of DCMU, suggesting that the 13 and
34 jC bands are ascribed to charge recombination with QA

and QB
, respectively. The low-pH-treated membranes with
Ca2 +-depleted S2-state reveal TL band at approximately 40
jC [27] arising from charge recombination between YD
+ and
QA
/QB
 because the oxidation potential of the S2-state Mn
cluster becomes lower than that of YD
+ [29,30]. Therefore, it
is suggested that an oxidizing equivalent for the doublet
signal species recombines with QA
 and QB
 to produce the
13 and 34 jC bands, respectively. A small shoulder at 40 jC
is attributable to YD
+ /QA
 recombination, reflecting OEC in
the Ca2 +-depleted S2 state or damaged centers. As shown in
Fig. 3, the decay of the doublet species at 273 K was much
faster in the presence of DCMU than without. It should be
noted that the TL peak temperature can roughly explain the
observed lifetime of the doublet signal in the presence and
absence of DCMU. The peak temperature of the putative TL
band attributed to the doublet/QA
 recombination shifted to
lower temperatures with the decrease of medium pH,
appearing at 17, 13 and 7 jC at pH 7.0 (trace a), 6.5 (trace
b) and 5.5 (trace c), respectively. No appreciable pH
dependence was observed for the 40 jC shoulder, although
the intensity was relatively high at pH 5.5, presumably due
to enhanced damage of OEC at this pH.
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4.1. Kinetics of doublet decay and multiline recovery
The present results clearly demonstrate that the dark
decay of the doublet signal considerably differs from the
recovery of the S2 multiline when the doublet signal was
induced by illuminating the Ca2 +-depleted PS II samples in
the S2 state in the presence of DCMU. Subsequent dark
incubation after illumination induced the decay of the
doublet signal, but the recovery of the multiline signal
was much slower compared with the doublet decay at 273
K and was completely inhibited despite of the disappearance
of the doublet signal at 77 K. If the doublet signal arises
from the magnetic interaction between YZ
. and the S2 Mn
cluster, the disappearance of the doublet signal must be
accompanied with the stoichiometric restoration of the
multiline signal. Therefore, the results lead to the conclusion
that the S2 Mn cluster does not contribute the doublet signal.
However, at a glance, one may suspect that these results are
accountable by assuming that the S2 Mn cluster is a non-
multiline state transiently after the quick reduction of YZ
. by
charge recombination with QA
 in the presence of DCMU,
then the nonmultiline S2 state reverses slowly to the state
that gives rise to the multiline signal. In this scenario, the
process can be expressed by the following formulas as
simple first-order consecutive reactions in the absence
(Eq. (1)) and presence (Eq. (2)) of DCMU:
YZ S2Q

B ðdoublet stateÞ!
k1
YZ S
N
2 QB!
k2
YZS
M
2 QB ð1Þ
YZ
 S2Q

A ðdoublet stateÞ!
k3
YZS
N
2 QA!
k4
YZS
M
2 QA ð2Þ
where the doublet signal arises from magnetic interaction
between YZ
. and S2, and S2
N and S2
M denote the nonmultiline
and multiline S2 states, respectively. It is of note that several
nonmultiline states are possible to be included, where k2 and
k4 represents the rate constant for a rate limiting reaction. As
the multiline recovered in a mirror-image manner of the
doublet decay in the absence of DCMU as shown in Fig.
3A, a simple theoretical consideration obliges us to the
conclusion that the rate of the multiline recovery is deter-
mined by k1, where k2Hk1 [31]. The multiline recovery
would be much slower than the doublet decay and has a lag
phase when k2 = k1. On the other hand, the multiline
recovery rate must be determined by k4 in the presence of
DCMU since the rate of the doublet decay determined by k3
was much faster than that of the multiline recovery as shown
in Fig. 3B. Furthermore, the same rate for the multiline
recovered in the presence and absence of DCMU shows that
k1 is equal to k4. Notably, k2 must be equal to k4 because
these are the rate constant of the identical reaction process:
conversion of the putative nonmultiline state to the multiline
state, then k1 must be eventually equal to k2. However, this
situation is totally in conflict with the prerequisite: k2Hk1.Therefore, it is evident that the present results cannot be
rationally explained by the view that the magnetic interac-
tion between the S2 Mn cluster and YZ
. ascribe to the doublet
signal formation.
4.2. Origin of the doublet signal
On the basis of the characteristic features of the field-
swept spectrum of the doublet signal and its anisotropy, it is
proposed that the doublet signal arises from dipole interac-
tion between two organic radicals separated by approxi-
mately 5.3 A˚, in which one of the two radicals is assigned to
the oxidized YZ radical in a neutral form (YZ
.) [20,21]. The
doublet signal has been simultaneously developed with the
disappearance of the multiline upon illumination of the
Ca2 +-depleted S2 PS II in the presence of DCMU (Refs.
[20,21] and Fig. 1). Therefore, two radicals for the doublet
signal must be generated on the donor side of PS II in a
single turnover event concurrent with the disappearance of
the multiline signal. It was originally proposed that the S2-
state Mn cluster is oxidized by a protonated amino acid
residue generated as a consequence of the formation of YZ
.
and, thus formed, reduced amino acid radical interacts with
YZ
. to yield the doublet signal [20]. Although this proposal
provides a formal explanation for the decrease in multiline
intensity, such chemistry appears to be thermodynamically
infeasible. Alternatively, the observed multiline decrease
can also be reasonably explained by reduction of the S2-
state Mn cluster; that is, the S2 Mn cluster oxidizes some
component adjacent to the Mn cluster upon the formation of
the stable YZ
. in the Ca2 +-depleted PS II as expressed by the
following formula:
S2RYZQAðQBÞ!ht S2RYZQAðor QB Þ ! S1Rox YZQAðQB Þ
ð3Þ
where R denotes the putative redox component responsible
for the doublet, which arises from a dipole interaction
between YZ
. and an oxidized R (Rox
.). The oxidation potential
of the Ca2 +-depleted S2-state in the low-pH-treated mem-
branes has been reported to be even lower than that of YD
.
[27], and cannot allow S2 to oxidize R before illumination
because R was assumed to have an oxidation potential
comparable to the normal S2 as revealed by the TL measure-
ments (see Fig. 7). This implies that the oxidation potential
of the Ca2 +-depleted S2 changes upon the YZ
. formation.
Taking into account the fact that the Ca2 +-depleted S2
exhibits the oxidation potential identical to that of the
normal S2-state by depleting the 24 kDa extrinsic protein
[32], it may be not an extravagant idea that relatively subtle
structural change in the close vicinity of the Mn cluster
induces the potential change of the Ca2 +-depleted S2-state.
Based on the crystal structure of S. elongates [33], the Yz
tyrosine is located at 7 A˚ from the Mn cluster. It has been
proposed that Ca2 + depletion introduces distortion into the
H. Mino et al. / Biochimica et Biophysica Acta 1606 (2003) 127–136134H-bond network connecting Mn cluster, YZ, and a proximal
amino acid residue that functions as a H+-accepting base
upon YZ oxidation as well as a putative H
+ donor upon YZ
.
reduction [25]. Therefore, it is conceivable that the presence
of a positive charge near the Mn cluster due to an abnormal
protonation event effects to increase the oxidation potential
of the Ca2 +-depleted S2 to the value for the normal S2. As a
consequence, the S2-state Mn cluster oxidizes R, leading to
the formation of a radical pair affording the doublet signal:
S1Rox
.YZ
.QA
 and S1Rox.YZ.QAQB
 in the presence and absence
of DCMU. If the proposal is correct, the present data must
be consistently explicable by it.
4.3. Reaction model of doublet decay and multiline recovery
As already discussed, the kinetics of the multiline recov-
ery and the doublet decay in the absence of DCMU (Fig.
3A) is difficult to explain by a consecutive reaction model,
suggesting that each of the processes is a consequence of an
apparent single first-order reaction. Therefore, we propose
that the reoxidation of the S1-state cluster by YZ
. regenerates
the multiline S2 as expressed by the following formula:
S1Rox
YZ
QB !
kA
S2Rox
 YZQ

B !
kB
S2RYZQB ð4Þ
We note that the oxidation of S1 to S2 by YZ
. results in the
concurrent doublet decay with the rate (t1/2f 7 min)
determined by kA due to the dissipation of YZ
. for the
doublet signal, in good agreement with the observation
shown in Fig. 3A. This reaction is inhibited at 77 K as
shown in Fig. 6. The oxidation of S1 by YZ
. is reminiscent of
the light-induced S1 to S2 transition but proceeds much
slower. During the incubation, no radical signal was
detected at g = 2 region except for the tyrosine radicals (data
not shown), suggesting that the rate constant kB is relatively
larger than kA. We note in this context that the S1Rox
.YZ
. QB

state is derived from the Ca2 +-depleted S2RYZ
. QB
 state, in
which YZ
. is stabilized by limiting the supply of H+ required
for the re-reduction of YZ
. [25]. Since the recovery of the
multiline occurred with the same rate in the absence and
presence of DCMU, the oxidation of S1 to S2 by YZ
. is likely
to be responsible for the multiline recovery also in the
presence of DCMU.
Therefore, we propose that a consecutive first-order
reaction as expressed by the following formula:
S1Rox
YZ
QA !
kC
S1R YZ
 QA!kD S2RYZQA ð5Þ
As the multiline signal recovers through the same reaction
as that in the absence of DCMU, the rate constants kA
and kD must be equal. On the other hand, the doublet
decays much faster (t1/2f 1 min) via charge recombina-
tion between Rox
. and QA
 with a rate constant of kC. The
charge recombination could proceed at 77 K on the
analogy of the charge recombination between QA
 and
YD
. [34], resulting in the doublet decay with no multilinerecovery. This scenario is consistent with the observation
that the Fe2 +/QA
 signal disappeared after storage at 77 K as
shown in Fig. 4B. The subsequent dark incubation at 273 K
leads to the appearance of the multiline via the same
process as that in the absence of DCMU. Our data cannot
completely exclude the possibility that QA
 recombines with
YZ
. followed by the reoxidation of the S1 state Mn cluster by
Rox
. , although the rate of the S1 oxidation by Rox
. may be
much faster than the observed rate for the multiline recov-
ery (t1/2f 7 min) because the redox potential for S1/S2
becomes to be very low again in the absence of YZ
. . The
proposed reaction model presented in Eq. (5) may imply
that the YZ
. signal will transiently form and decay during the
dark incubation at 273 K or stably induced after the storage
at 77 K, as YZ
. no longer couples magnetically with Rox
. .
However, the YZ
. signal induced in approximately half of PS
II [35] changed little in intensity after the 77 K storage or
simply diminished after 15-min incubation at 273 K as in
Ref. [35] (data not shown). These may suggest that the
doublet species is not a simply isolated radical pair system
but somehow coupled to other paramagnetic species. Alter-
natively, the absence of the transient or stable appearance of
the YZ
. signal in the decay processes may be attributable to
the center (approximately 50% of PS II) that preserves the
modified multiline signal and yields YZ
. signal after illumi-
nation [23,24]. The YZ
. radical in the multiline center
recombines with QA
 during dark incubation at 273 and
77 K to veil over the YZ
. signal formation in the doublet
center (approximately 50% of PS II).
According to the proposed model, the change in total
integrated intensity of the doublet signal in spin 1 system
will be larger by a factor of
ﬃﬃﬃ
2
p
than the corresponding
intensity change of the spin 1/2 multiline signal in field-
swept ESE spectra. However, the intensity of the doublet
signal induced by illumination was estimated to be
onlyf 70% of the decreased multiline intensity as shown
in Fig. 5. This apparent unconformity is attributable to the
conditions for ESE measurements in which the power of the
applied microwave was chosen to maximize the YD
. signal in
spin 1/2 and the intensity of the doublet signal may be
considerably reduced as compared with the intensity mea-
sured at optimum microwave power [20].
4.4. Doublet signal and split signal
It is worthwhile to consider the doublet signal as com-
pared with the reported split-type signal in the inhibited PS
II. In the low-pH-treated membranes, it is possible to realize
the single turnover and multiple turnover state beyond the
Ca2 +-depleted S2 state independently. Illuminating the
membranes in Ca2 +-depleted S2 state in the presence of
DCMU leads to the doublet signal formation, while the
multiple turnover by illuminating the membranes in the
absence of DCMU induces the singlet-like signal [20,21].
However, this type of technique cannot be applicable to
other inhibited systems; then, the membranes in the S1 state
H. Mino et al. / Biochimica et Biophysica Acta 1606 (2003) 127–136 135were illuminated in the absence of DCMU to induce the
split-type signal [6,8,9,12–18]. Therefore, the resulted split-
type signal formed after prolonged illumination in the
absence of DCMU may mainly be the consequence of the
multiple turnover events, which induces the signal
corresponding to the singlet-like one. Taking into account
the contribution of the Mn cluster to the split-type signal as
revealed by the pulsed ENDOR study [16], it might be
assumed that the Mn cluster is responsible for the formation
of the singlet-like signal.
A split-type CW ESR signal was induced when the pH of
the sample suspension jumped to alkaline pH after the
formation of the normal S3 state in O2-evolving membranes
[25]. The results are interpreted as reflecting a decrease in
the redox potential of the YZ
. /YZ couple at alkaline pH to
the level that allows the oxidation of YZ by the S3 state Mn
cluster, yielding the S2YZ
. state for the split-type signal, in
which S2 was assumed to be doubly deprotonated. This
interpretation is based on the previously reported assign-
ment of the split signal, i.e., S2YZ
. , induced in inhibited
OECs by illumination in the absence of DCMU. However, it
is noted that the normal S3 state resembles the doublet-
signal state with respect to the formal oxidation state of the
OEC: the S2-state Mn cluster plus one oxidizing equivalent,
and the deficiency of protons. There have been some
indications that the S2 Mn cluster plus a radical state
(S2X
.YZ) represents the normal S3 state [36,37]. In this
scenario, a component (denoted X) other than the Mn
cluster is oxidized upon illumination, in which the normal
S3 state does not exhibit multiline signal due presumably to
the strong magnetic coupling between the S2 Mn cluster and
X.. If this is the case, YZ is oxidized by the S2-state Mn
cluster by the pH jump, inducing a doublet signal state
(S1X
.YZ
.) without the appearance of a multiline signal by the
reaction that somehow resembles that for the doublet signal
formation in the Ca2 +-depleted OEC. In this case, it is likely
that X in the normal S3 state corresponds to R in the
doublet-signal state. A good candidate for X/R is an amino
acid residue or partially oxidized water molecule proximal
to the Mn cluster, although other possibilities cannot be
excluded. At present, it is not certain whether the pH jump-
induced signal is indeed the doublet signal, since signal
assignment from the reported CW ESR spectrum is rather
equivocal because the characteristic signal features of the
doublet signal found in the field-swept ESE spectrum are
not reflected in a CW spectrum.
Recently, several split-type signals were observed fol-
lowing visible light illumination of the S1 state [38] and near
IR light illumination of the S2-state[39] at cryogenic temper-
atures in O2 evolving PS II, and tentatively assigned to S1YZ
.
state. Other split-type signals have also been induced by
protocols including visible light illumination and near IR
light illumination of the S3 state [40,41]. These signals were
tentatively assigned to S2YZ
. state, in which S2 was trapped
during the decay of S3 at 77 K [42,43]. Because of the
insufficiency of detailed spectroscopic characterizations ofthese signals, it is not clear how the processes for the split-
type signals proceeding at cryogenic illumination can be
related to the processes for the doublet as well as split signal
formations, which take place at much higher temperatures.Acknowledgements
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